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Abstract
Lesion to the retinal pigment epithelium (RPE) is a crucial event in the development of age-related macular degeneration 
(AMD), the leading cause of blindness in industrialized countries. Tobacco smoking and high-energy visible blue (HEV; 
400–500 nm) light exposure are major environmental risk factors for AMD. Individually, they have been shown to cause 
damage to the RPE. Tobacco smoke contains toxic polycyclic aromatic hydrocarbons (PAH) that can accumulate in RPE 
and which absorb HEV light. It can thus be postulated that the interaction between both factors in RPE cells can have a 
synergic toxic effect to the RPE. To test this hypothesis, cultured human RPE cells (ARPE19) were treated with nanomolar 
concentrations of benzo[a]pyrene (BaP) or indeno[1,2,3-cd]pyrene (IcdP), then exposed to HEV light using an irradiation 
system that mimics the solar spectrum normally transmitted to the retina through the human ocular media. Using mitochon-
drial network morphology changes and key features of AMD-related RPE defects such as apoptotic cell death and oxidative 
stress, we demonstrate that a synergistic phototoxicity is generated when nanomolar concentrations (≤ 500 nM) of IcdP 
interact with sub-lethal amounts of HEV light. Indeed, we found IcdP to be at least 3000 times more toxic for RPE cells when 
irradiated with HEV light. This synergy translates into disruption of mitochondrial network, ROS enhanced accumulation 
and apoptosis of RPE cells. Our results underline an important interplay between two environmental risk factors involved in 
AMD progression and strongly indicate that IcdP, upon interaction with HEV light, may initiate the biological mechanisms 
underlying the association between cigarette smoking and AMD-related RPE degeneration.

Keywords Age-related macular degeneration · Polycyclic aromatic hydrocarbons · Benzo[a]pyrene · Indeno[1,2,3-cd]
pyrene · High energy visible blue light · Oxidative stress

Introduction

Age-related macular degeneration (AMD) is the world’s 
third largest cause of blindness and moderate–severe vision 
impairment (Bourne et al. 2013), and the leading cause of 

irreversible vision loss among adults aged 50 years and older 
in the Western world (Bourne et al. 2013; Wong et al. 2014). 
The lack of existing curative treatments for AMD (Ambati 
and Fowler 2012; Lim et al. 2012) has prompted research 
efforts to focus on understanding its etiology and identify-
ing risk factors. AMD is a complex multifactorial disease, 
whose pathogenesis is thought to be associated with genetic 
predisposition, medical conditions and environmental risk 
factors. Aside from unmodifiable factors such as advanced 
age, gender and genetic polymorphisms (Bourne et al. 2013; 
Chakravarthy et al. 2010; Fritsche et al. 2014; Wong et al. 
2014), epidemiological studies have identified several con-
trollable factors with a significant impact on AMD progres-
sion. Some of these include smoking, poor dietary intake 
of antioxidants, diabetes, cardiovascular risk factors, high 
body mass index and sunlight exposure (Chakravarthy et al. 
2010; Lambert et al. 2016; Sui et al. 2013; Thornton et al. 
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2005). However, the biological mechanisms related to these 
factors and involved in AMD development are still unknown.

Recently, experimental studies have investigated the 
implication of some modifiable risk factors on AMD devel-
opment (Andriessen et al. 2016; Espinosa-Heidmann et al. 
2006; Rowan et al. 2017) using human cell culture or animal 
models. In this respect, light exposure- and cigarette smoke-
induced changes in the retinal pigment epithelium (RPE) 
received particular attention (Fujihara et al. 2008; King et al. 
2004; Patton et al. 2002; Sparrow et al. 2000; Wihlmark 
et al. 1997). The RPE is a mono-layered epithelium lining 
the posterior side of the retina. It is formed of highly special-
ized post-mitotic cells that maintain photoreceptors health 
and support their function in the visual cycle. Vision loss 
in AMD is ultimately caused by deterioration of the RPE 
and subsequent degeneration of photoreceptors (Ambati and 
Fowler 2012; Dunaief et al. 2002; Young 1987). The oxida-
tive lesions associated with AMD development (Chiras et al. 
2015; Ebrahimi et al. 2018; Hollyfield et al. 2008; Kaya et al. 
2012; Rabin et al. 2013) and the protective effect of antioxi-
dant supplementation against AMD progression [reviewed in 
(Schmidl et al. 2015)] have led to hypothesize that oxidative 
stress is a major contributor to AMD-related RPE defects.

Light exposure produces photochemical lesions to the 
RPE (Hafezi et al. 1997; Lerman 1980). Given the transmis-
sion properties of human ocular media (Boettner and Wolter 
1962), blue radiations (400–500 nm) are the most energetic 
and potentially damaging wavelengths reaching adults’ RPE 
cells (Sparrow et al. 2000). Blue light, also known as high 
energy visible (HEV) light, has been reported to impair RPE 
functionality (Putting et al. 1994). At high doses, HEV light 
induces RPE cells apoptosis (Sparrow et al. 2000), disrupts 
lysosome membranes and promotes the leakage of hydrolytic 
enzymes (Wihlmark et al. 1997). Photo-oxidative processes, 
mediated through the sensitization of lipofuscin components 
in aging RPE (Sparrow et al. 2000; Wielgus et al. 2010; 
Wihlmark et al. 1997) and/or mitochondrial chromophores 
(King et al. 2004), are suggested as a critical mechanism for 
HEV light-induced toxicity in RPE cells (King et al. 2004; 
Wihlmark et al. 1997).

Cigarette smoking is the modifiable risk factor the 
most consistently associated with AMD (Chakravarthy 
et al. 2010; Thornton et al. 2005). Experimental evidences 
indicate that tobacco smoke exposure triggers many AMD-
like features in RPE, including histopathological damage 
(Espinosa-Heidmann et al. 2006; Fujihara et al. 2008), 
oxidative injury (Bertram et al. 2009), alteration of extra-
cellular matrix or inflammatory gene expression (Bertram 
et al. 2009; Espinosa-Heidmann et al. 2006) and apoptosis 
(Bertram et al. 2009; Fujihara et al. 2008). Polycyclic aro-
matic hydrocarbons (PAH) byproducts, generated by the 
incomplete combustion of organic matters, represent one 
of the most toxic compounds found in cigarette smoke. 

High-molecular weight PAH, such as the benzo[a]pyrene 
(BaP), have been shown to exert a cytotoxic effect on cul-
tured RPE cells when they were exposed to extracellular 
concentrations equal or greater than 50 µM (Patton et al. 
2002; Sharma et al. 2008; Wang et al. 2009). In addition, 
exposures to sub-lethal PAH concentrations (10 µM) have 
been associated with RPE lysosomal and exocytotic activi-
ties alterations (Wang et al. 2009).

PAH are carried through the bloodstream and distrib-
uted throughout the body to different locations includ-
ing ocular tissues (Roberto et al. 1996). There, they are 
retained and concentrated in melanin-rich tissues, such as 
the RPE (Roberto et al. 1996). Owing to the arrangement 
of benzene rings in their structure, PAH usually absorb 
light photons in the ultraviolet (UV) range and increased 
toxicities associated with UV absorption by some PAH are 
well documented (Burke and Wei 2009; Schirmer et al. 
1998; Soeur et al. 2017; Wang et al. 2007). A few PAH 
with four or more fused rings may also absorb HEV light 
photons. Therefore, an interaction between PAH accumu-
lated in RPE cells and exposure to HEV radiations could 
exacerbate the stress caused by either factor alone. This 
study thus aimed to assess the toxic effects of PAH and 
HEV light combination in RPE cells. Using an irradiation 
system that mimics the solar spectrum normally trans-
mitted to the retina through the human ocular media, we 
investigated the combined effects of nanomolar concentra-
tions (≤ 500 nM) of tobacco-derived PAH and sub-lethal 
HEV light doses on cultured human RPE cells (ARPE19). 
We used established AMD-related changes such as RPE 
cell death and oxidative stress as indicators of toxicity. 
Since mitochondria network is remodeled in response 
to toxic conditions (Karbowski and Youle 2003), we 
also examined whether RPE mitochondrial network was 
affected by PAH and HEV light combination. Our results 
highlight, for the first time to our knowledge, a strong and 
toxic synergistic interaction between the indeno[1,2,3-cd]
pyrene (IcdP) and HEV light in RPE cells. We found that, 
associated with IcdP in concentrations lower than 500 nM, 
normally sub-lethal HEV light doses become highly cyto-
toxic in RPE. Our study underlines the interplay of modifi-
able risk factors involved in AMD onset and/or progres-
sion. This is particularly relevant for smokers, since such 
a synergy between HEV light and IcdP may contribute to 
their greater risk of developing AMD.

Materials and methods

All experiments performed in this study were conducted in 
accordance with our institution’s guidelines and the Declara-
tion of Helsinki.
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Cell culture

The spontaneously immortalized human RPE cell line 
ARPE19 (ATCC® CRL-2302™) was cultured to confluence 
in Dulbecco’s modified Eagle’s Medium (DMEM) (Corn-
ing cellgro, VA, USA), supplemented with 10% fetal bovine 
serum (Wisent, QC, CA) and penicillin/streptomycin (200 
UI/ml penicillin and 200 µg/ml streptomycin; Wisent, QC, 
CA) at 37 °C, 5%  CO2. All experiments were performed on 
confluent monolayers of ARPE19 cells.

Light source and dosimetry

The light source consisted of an Oriel 1.6 kW solar simulator 
(SSL), with an ozone-free xenon short arc lamp combined 
to an air mass 1.5G filter (Newport, CA, USA). A yellow 
Schott long pass optical filter (GG420; Schott, PA, USA) 
was added to the system. The GG420 filter displays light 
filtration properties similar to that observed for the human 
ocular media (Boettner and Wolter 1962) (Fig. 1a) and was 
used to mimic the UV–visible radiation spectrum normally 
transmitted to the retina. The incident spectrum transmitted 
to ARPE19 cells through this configuration is depicted in 
Fig. 1b.

The total output of the SSL through the GG420 optical 
filter was measured prior to each irradiation session using a 
1918-R Optical Power Meter (with a 818P high-power ther-
mopile detector; Newport, CA, USA), and the fraction of the 
output in the HEV light range (400–500 nm) was determined 
according to the manufacturer instructions. HEV irradiance 
at cell surface was approximately 220 W/m2.

PAH UV–visible absorbance spectra

All studied PAH (Sigma–Aldrich, ON, CA) were dissolved 
in dimethyl sulfoxide (DMSO). Absorbance spectra of the 
chemicals were recorded over the 250–1100 nm range using 
a scanning UV–visible spectrophotometer (Varian Cary® 50 
Bio UV–visible spectrophotometer), after a baseline correc-
tion made with DMSO.

PAH treatment and irradiation procedure

Confluent ARPE19 cells were incubated with the indicated 
concentrations of benzo[a]pyrene (BaP), indeno[1,2,3-cd]
pyrene (IcdP) or vehicle (DMSO) in PBS for 30 min at 
37 °C in the dark. They were then exposed to 100, 160, 
220 or 320 J/cm2 of HEV light in a cooling box using the 
SSL/GG420 setup (for irradiation periods of ~ 70, 120, 
170 and 240 min, respectively). Unirradiated samples were 
kept in the dark at 4 °C for the length of corresponding 

irradiation. Immediately after the irradiation, PAH or vehi-
cle solutions were removed. Cells were washed with PBS 
and allowed to recover in complete DMEM at 37 °C until 
analyses.

Antioxidant treatments

Cells were incubated with 5 mM of N-acetylcysteine (NAC; 
Sigma-Aldrich, ON, CA) or 10 µM of α-tocopherol (vitamin 
E; Sigma-Aldrich, ON, CA) in complete DMEM for 18–24 h 
prior to PAH treatment and/or HEV exposure. These agents 
were added back to the PAH or vehicle solutions during 
exposure and to the post-exposure medium.

Fig. 1  Spectral characteristics of the SSL / GG420 filter setup. Light 
source consists of an Oriel solar simulator (SSL) with an ozone-
free xenon short arc 1.6  kW lamp combined to an air mass 1.5G 
(AM1.5G) filter and a Schott GG420 long-pass optical filter. a Opti-
cal transmission of the Schott GG420 filter. The spectrum is derived 
from manufacturer’s specifications. Insert shows the percent of light 
transmission through human ocular media [replotted from Boettner 
and Wolter (1962)]. b Spectral output produced by the SSL with the 
AM1.5G filter (solid line) and by the SSL equipped with the AM1.5G 
and the Schott GG420 filters (dashed line)

Author's personal copy



 Archives of Toxicology

1 3

Cytotoxicity assessment

Cytotoxicity of PAH and/or HEV exposure (in presence or 
absence of antioxidants) was assessed 24 h post-exposure 
using a MTS cell viability assay (CellTiter 96® AQueous 
Non-Radioactive Cell Proliferation Assay; Promega, WI, 
USA), according to the manufacturer protocol to measure 
viable cell metabolism. Optical density values were read at 
490 nm using a microplate reader (BioRad 550 Microplate 
Reader). After correcting for background absorbance, the 
average absorbance of specified control was used as a base-
line metabolic activity (value 1). Each experimental condi-
tion was assayed in independent quadruplicate.

Mitochondrial fluorescent staining

Consequences of PAH treatments and/or HEV exposure 
on mitochondrial network organization were assessed 1 h 
and 24 h after the irradiation, by fluorescent staining of 
mitochondria, using chloromethyl-X-rosamine (CMXRos 
Mito-Tracker Red; Invitrogen) labeling (Poot et al. 1996). 
The CMXRos dye is a cationic and mitochondrion-specific 
probe, relying on mitochondrial transmembrane potential 
to accumulate in mitochondria. For IcdP-treated cells, at 
the indicated period after the irradiation, cells were incu-
bated in a staining medium containing 100 nM of CMXRos 
and 2 µg/ml of diamidino-2-phenylindole (DAPI; Thermo-
Fisher, ON, CA) in complete DMEM for 15 min at 37 °C. 
Imaging was performed using a Zeiss Axioimager Z2 micro-
scope equipped with appropriate filter sets and coupled 
with a Zeiss AxioCam MRm Rev 3 Monochromatic Digital 
Camera.

BaP displays a strong intrinsic fluorescence when excited 
by UV radiations (~ 365 nm). Its emission spectrum has 
been shown to peak at 405 and 430 nm (Rivera-Figueroa 
et al. 2004), preventing the use of DAPI as nuclear counter-
stain. Therefore, BaP-treated cells were stained with 100 nM 
of CMXRos in complete DMEM for 15 min at 37 °C. They 
were then placed in a solution of 10  µM of  DRAQ5™ 
(Abcam, ON, CA) in complete DMEM (for nuclear staining) 
for 5 min at 37 °C. Labeled cells were imaged as described 
above. In parallel, based on the fluorescent properties of 
the BaP, images of BaP fluorescent emissions were also 
captured 1 and 24 h following the end of irradiation. Each 
experimental condition was tested at least in independent 
duplicate.

Cell death analysis

PAH treatments and/or HEV exposure-induced cell death was 
analyzed by flow cytometry using the FITC Annexin-V/Dead 
Cell Apoptosis kit (Invitrogen, OR, USA) according to the 
manufacturer protocol. Briefly, 16 h after the exposure to PAH 

and/or HEV light, ARPE19 cells were harvested and resus-
pended in Annexin-V buffer at a density of 1.5 × 106 cells/ml. 
Cells were mixed with 5% (v/v) of FITC Annexin-V and 1 µg/
ml of propidium iodide (PI), then incubated at room tempera-
ture for 15 min. Analysis of apoptotic (Annexin-V positive 
cells) and necrotic/dead cells (PI positive cells) was performed 
with a BD Accuri C6 flow cytometer (BD Biosciences, ON, 
CA). Each experimental condition was assayed at least in inde-
pendent triplicate.

ROS content analysis

Intracellular ROS content was measured using the oxi-
dant-sensitive fluorescent probe chloromethyl-2′,7′-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-
H2DCFDA; Thermo-Fisher, ON, CA) and assayed as 
previously described (Wang and Joseph 1999) with minor 
modifications. Briefly, PAH- or vehicle-treated ARPE19 cells 
were exposed to HEV light as described above (with or with-
out specified antioxidant pretreatment). Immediately at the end 
of irradiation, cells were incubated with 5 µM CM-H2DCFDA 
in PBS (with or without added antioxidant) for 30 min at 
37 °C. CM-H2DCFDA was replaced by PBS (with or without 
added antioxidant) and the cells were incubated for a further 
30 min at 37 °C. The fluorescence of cells in each well was 
recorded (0, 30 and 60 min following CM-H2DCFDA addi-
tion) using a CytoFluor® Series 4000 multi-well fluorescence 
plate reader (Applied Biosystems, MA, USA) with excitation 
and emission filters set at 480 ± 10 and 530 ± 12.5 nm, respec-
tively. For each well, a percentage increase in intracellular lev-
els of ROS was determined at t = 60 min as a function of the 
percentage increase in CM-H2DCFDA fluorescence calculated 
as described by (Wang and Joseph 1999). Each condition was 
tested in 4 independent replicates.

Statistical analysis

Data are presented as mean ± SD (standard deviation) of inde-
pendent experiments. Statistical analysis was performed using 
KaleidaGraph software (Synergy Software, PA, USA). Dif-
ferences between groups were assessed with the two-tailed 
homoscedastic student’s t test or with one-way analysis of 
variance (ANOVA) followed by Dunnett or Tukey HSD pro-
cedures as post hoc tests. Significance level was defined for p 
value ≤ 0.05.
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Results

Synergistic cytotoxicity induced by IcdP and HEV 
light

We measured the UV–visible absorbance spectra of 15 
major PAH, which levels and distribution profiles in ciga-
rette smoke have been previously investigated (Ding et al. 
2005, 2006; Hoffmann et al. 2001; Lodovici et al. 2004; Vu 
et al. 2015) (Fig. 2 and S1). Among them, 3 possess HEV 
light (400–500 nm) absorption capacity: benzo[k]fluoran-
thene (BkF), benzo[a]pyrene (BaP) and indeno[1,2,3-cd]
pyrene (IcdP). Toxic interactions between these and HEV 
light can, therefore, be anticipated. Both BkF and BaP com-
pounds have relatively small HEV absorption bands with 

maxima at 404.5 and 405.5 nm, respectively (Fig. S1L and 
2A). On the other hand, IcdP spectrum is characterized by a 
broad HEV absorption band with a maximum at 408.0 nm 
and shoulders between 420 and 485 nm (Fig. 2b).

Potential toxic interactions between HEV-absorbing PAH 
and the HEV radiations normally reaching adult human eye 
fundus were evaluated for IcdP and BaP, using cell viabil-
ity as an indicator of toxicity. ARPE19 cells, treated with 
different concentrations of IcdP (15–500 nM) or BaP (2.5 
to 200 nM), were exposed to HEV light (100, 160, 220 
or 320 J/cm2). ARPE19 cell viability, reflected by their 
mitochondrial activity, was measured 24 h post-exposure 
(Fig. 3a, d). Exposure to HEV light alone induces no loss 
of ARPE19 cell viability (Fig. 3a). On the contrary, com-
pared to unirradiated cells activity level, exposure to 320 J/
cm2 HEV induces a twofold increased mitochondrial activ-
ity. Likewise, we observed that neither IcdP (up to 1 µM) 
nor BaP (up to 200 nM) treatments alone lead to significant 
change in ARPE19 cells viability (Fig. S2–S3). However, 
combination of HEV light and IcdP, in a concentration of 
75 nM or greater, induces a dose-dependent loss of cell 
viability (Fig. 3a). For cells treated with 75 nM IcdP, HEV 
light toxicity becomes apparent only for the highest tested 
dose (320 J/cm2), where mitochondrial activity is reduced 
to 16% of the activity in unirradiated cells. When combined 
with 150 nM IcdP treatment, exposure to HEV light reduces 
ARPE19 cells activity to 56% of unirradiated cells level at 
220 J/cm2 (although it did not reach significance; p = 0.054), 
and to background level at 320 J/cm2. In 250 and 500 nM 
IcdP-treated cells, we noted that HEV light readily induces a 
significant decrease in cell viability from 160 J/cm2. Indeed, 
after a 160 J/cm2 HEV light exposure, ARPE19 cell activity 
drops to 61 and 23%, for cells treated with 250 and 500 nM 
IcdP, respectively (Fig. 3a). Combination of HEV light and 
BaP (up to 200 nM) does not reduce ARPE19 cells viability 
below unirradiated cells level (Fig. 3d). Nonetheless, the 
HEV-induced enhancement of cell metabolism observed at 
320 J/cm2 is not observable in BaP-treated cells, indicat-
ing that mitochondrial activity is relatively reduced. Taken 
together, our data indicate that nanomolar concentrations of 
IcdP and HEV radiations reaching human eye fundus have 
synergetic toxic effects on ARPE19 cells.

IcdP and HEV light interaction results 
in mitochondrial network disruption

Toxic interactions between HEV light and PAH were further 
investigated using changes in mitochondrial network mor-
phology. Mitochondrial network visualization was achieved 
by CMXRos fluorescent staining of mitochondria in 
ARPE19 cells, 1 h and 24 h following exposure to PAH and/
or HEV (160 J/cm2) (Fig. 3b, c, e). In ARPE19 cells exposed 
or not to HEV light alone, mitochondria form a complex 

Fig. 2  BaP and IcdP light absorption spectra. Absorption spectra 
(solid lines) between 260 and 800 nm were obtained using a scanning 
Varian Cary® 50 Bio UV–visible spectrophotometer for a 10  µM 
benzo(a)pyrene (BaP) or b 50  µM indeno[1,2,3-cd]pyrene (IcdP) 
dissolved in DMSO. The chemical structure of each compound is 
depicted. Absorption spectra are overlaid with the emission spectrum 
produced by the SSL/GG420 setup (dashed gray line) and the HEV 
light range (400–500 nm) is indicated by the shaded blue area. (Color 
figure online)
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network of elongated tubules oriented in a few dominant 
directions (Fig. 3b, c); characteristic of healthy functional 
mitochondria. In addition, in our experimental conditions, 
cells are poorly permeant to nuclear counterstains. The 
same features are noted in 200 nM BaP-treated cells with 
or without HEV irradiation (Fig. 3e). It is noteworthy that 
fluorescent detection of BaP confirms the cellular uptake and 
cytoplasmic internalization of PAH by ARPE19 cells. The 
loss of fluorescence after 24 h also indicates their processing 
and elimination by ARPE19 cells.

In response to IcdP treatments (30–500 nM) alone, mito-
chondria retain a tubular shape, though their arrangement 
and orientation seem much less clearly defined with increas-
ing IcdP concentrations after 1 h (Fig. 3b—upper panels). 
However, these are restored after 24 h (Fig. 3c—upper pan-
els). Exposure of IcdP-treated cells to 160 J/cm2 HEV light 
is associated with an increased permeability of ARPE19 
cells for the nuclear dye, 1 h after exposure (Fig. 3b—lower 
panels), along with different changes in mitochondrial net-
work morphology, including network fragmentation and 
mitochondria clustering. Moreover, mitochondria tubular 
shape and organization are disrupted in a IcdP concentra-
tion-dependent manner with a complete loss of the network 
and scattered spherical mitochondria observed with the 
highest tested IcdP concentration (Fig. 3b—lower panels).

A complete to almost complete restoration of mitochon-
drial network can be observed after 24 h in 30 nM IcdP/
HEV- and 75 nM IcdP/HEV- exposed cells (Fig. 3c—lower 
panels). 24 h after exposure, 150, 250 and 500 nM IcdP/
HEV-exposed cells display disintegrated mitochondrial 

networks (with only a few cells showing a partially restored 
network after 150 nM IcdP/HEV exposure). Besides, nuclei 
mainly appear shrunken, fragmented (in 150 nM IcdP/HEV-
exposed cells) or with unevenly condensed DNA content 
(in 500 nM IcdP/HEV-exposed cells). Taken together, these 
results confirm the synergistic toxicity resulting from HEV 
light and IcdP interaction in ARPE19 cells. They indicate 
that co-exposure of ARPE19 cells to nanomolar concentra-
tions of IcdP and HEV light can quickly lead to major and 
irreversible disruptions of mitochondrial network integrity.

Synergistic induction of apoptosis by IcdP and HEV 
light

To assess the consequences of IcdP and HEV light syner-
gistic toxicity, ARPE19 cell death (apoptosis and necrosis) 
following PAH and/or HEV light exposure was determined 
(Fig. 4). ARPE19 cells, treated with IcdP (250 nM), BaP 
(250 nM) or vehicle (DMSO), were exposed to increasing 
amounts of HEV light (100–320 J/cm2). Unirradiated PAH- 
or DMSO-treated cells were kept in the dark for the duration 
of exposures. Neither IcdP (Fig. 4a–d) nor BaP (Fig. 4e, f) 
treatments alone affect ARPE19 cells survival. Likewise, 
exposure to HEV light alone (up to 320 J/cm2) induces no 
significant cell death. In contrast, in ARPE19 cells treated 
with IcdP, HEV light triggers a significant level of cell 
death by apoptosis in a dose-dependent manner (Fig. 4a–d). 
Indeed, the average level of apoptotic cells is 7.6, 21.7, 43.8 
and 67.7% in IcdP-treated cells exposed to 100, 160, 220 
and 320 J/cm2 of HEV light, respectively. Although not sig-
nificant, a higher level of necrosis can be observed in IcdP-
treated cells exposed to 100 J/cm2 of HEV light (Fig. 4a).

Irradiation of BaP-treated ARPE19 cells with up to 220 J/
cm2 of HEV light does not significantly induce cell death 
(Fig. 4e). However, a significant increase in necrosis (4.0%) 
and apoptosis (17.1%) was found at the highest HEV dose 
used (320 J/cm2) in BaP-exposed ARPE19 (Fig. 4f). Our 
results indicate that IcdP and HEV light interaction triggers 
apoptotic events in ARPE19 cells.

Synergistic induction of oxidative stress by IcdP 
and HEV light

ROS accumulation in ARPE19 cells treated with vehi-
cle (DMSO), BaP (200 nM) or IcdP (15–500 nM) and/or 
exposed to HEV light (160 J/cm2) was determined 60 min 
after the exposure using the oxidant-sensitive indicator CM-
H2DCFDA (Fig. 5). BaP or IcdP treatments alone do not 
affect ROS accumulation. In addition, exposure to 160 J/
cm2 HEV light alone or in combination with 200 nM BaP 
induces no significant variations in ROS accumulation.

However, in ARPE19 cells treated with IcdP concentrations 
equal or higher than 30 nM, HEV light irradiation leads to a 

Fig. 3  Toxicity and consequences on metabolic activity produced 
by co-exposure to IcdP and HEV light. a ARPE19 cells treated with 
vehicle (DMSO) or increasing concentrations of IcdP (15–500  nM) 
were kept in the dark or exposed to HEV light (100, 160, 220 or 
320 J/cm2). Mitochondrial activity was measured 24 h later using the 
MTS assay to estimate cell viability. For each IcdP concentration, 
unirradiated cells activity was used as the baseline (value 1) and a 
relative cell activity was obtained for each HEV light amount. b, c 
Representative images of mitochondrial network staining in ARPE19 
cells, 1 h (b) and 24 h (c) after exposure to IcdP (0–500 nM) in the 
dark (upper panels) or combined with a 160 J/cm2 HEV light expo-
sure (lower panels). Mitochondria were revealed using CMXRos 
dye (red) and DAPI counterstain (blue) was used to assess nuclei 
characteristics. d Relative viability of ARPE19 cells measured 24 h 
after treatment with 200 nM BaP in the dark or exposed to increas-
ing amounts of HEV light (100, 160, 220 or 320  J/cm2). Unirradi-
ated cells activity was used as the baseline (value 1). e Representative 
images of mitochondrial network staining in ARPE19, 1 h and 24 h 
after exposure to 200 nM BaP without (upper panels) or with a 160 J/
cm2 HEV light exposure (lower panels). Along with mitochondria 
(red) organization, BaP intrinsic fluorescence imaging (green) reveals 
time-dependent distribution of BaP in ARPE19 cells. Error bars are 
standard deviation (SD) from 4 independent experiments (a, d). *p < 
0.05, **p < 0.01 and ***p < 0.001 versus unirradiated control [one-
way analysis of variance (ANOVA) with Dunnett procedure as post 
hoc test]. Scale bar = 20 µm (b, c and e). (Color figure online)
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significant acceleration of ROS accumulation (Fig. 5). Indeed, 
for cells treated with 30 or 75 nM IcdP, intracellular ROS 
accumulation is 1.2 time faster in HEV-exposed cells than 
in unirradiated cells. More pronounced HEV light-induced 
enhancements of ROS accumulation rate are noted with higher 
IcdP concentrations. ROS accumulation is 1.3, 1.7 and 2.8 
times faster in HEV-exposed cells than in unirradiated cells, in 
presence of 150, 250 and 500 nM IcdP, respectively (Fig. 5). 
Our data show that HEV light and IcdP interaction rapidly 
promotes oxidative stress within ARPE19 cells.

Prevention of ROS accumulation improves IcdP/
HEV‑exposed ARPE19 cell viability

To assess the potential implication of oxidative stress in 
IcdP/HEV-induced ARPE19 cell death, we determined the 

effect of two broad spectrum ROS scavengers [α-tocopherol 
and N-Acetylcysteine (NAC)]. ARPE19 cells, incubated 
with 10 µM α-tocopherol or 5 mM NAC, were exposed to 
IcdP (150–500 nM) and/or HEV light (160 J/cm2). ROS 
accumulation was monitored for 60 min after exposure and 
cell viability was assessed 24 h post-exposure. Figure 6 illus-
trates the effect of α-tocopherol (Fig. 6a) and NAC (Fig. 6b) 
incubation on ROS accumulation (upper panels) and cell 
viability (lower panels).

α-tocopherol efficiently reduces IcdP/HEV-induced 
ROS accumulation in ARPE19 cells (Fig. 6a, upper panel). 
Indeed, intracellular levels of ROS in IcdP/HEV-exposed 
cells increase in average by 10.0, 15.3 and 15.5% with 
150, 250 and 500 nM IcdP treatments, respectively. In 
presence of α-tocopherol, ROS accumulation is signifi-
cantly reduced to 6.7, 8.1 and 10.0% in HEV-exposed 

Fig. 4  Synergistic induction of apoptosis by IcdP and HEV light. 
ARPE19 cells were treated with 250 nM IcdP (a–d) or 250 nM BaP 
(e–f), then kept in the dark or exposed to 100  J/cm2 (a), 160  J/cm2 
(b), 220 J/cm2 (c, e) or 320 J/cm2 (d, f) of HEV light. Viable (grey 
bars), apoptotic (dashed orange bars) and necrotic/dead (blue bars) 
cells levels were analyzed by flow cytometry using Annexin V/PI 

double staining. Error bars are sd from at least 3 independent experi-
ments. (*) are for differences in apoptotic cells levels versus controls 
and (a) are for differences in necrotic cells levels versus controls. ap < 
0.05 and ***p < 0.001 [one-way analysis of variance (ANOVA) with 
Tukey HSD procedure as post hoc test]. (Color figure online)
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cells treated with 150, 250 and 500 nM IcdP, respectively. 
Moreover, α-tocopherol reduces the level of ROS in HEV-
exposed cells treated with 150 or 250 nM IcdP to level 
similar to that of cells exposed to HEV light alone. The 
decrease in ROS buildup in IcdP/HEV-exposed cells asso-
ciated with the presence of α-tocopherol is accompanied 
by improved ARPE19 cell viability 24 h post-exposure 
(Fig. 6a, lower panel). More precisely, α-tocopherol abol-
ishes the loss of viability induced by IcdP and HEV light 
co-exposure when cells were treated with 150 or 250 nM 
IcdP, and prevents in average 65% of the loss induced by 
co-exposure to 500 nM IcdP and HEV light.

NAC is also efficient in reducing IcdP/HEV-induced 
ROS accumulation in ARPE19 cells at all tested IcdP 
concentrations (Fig. 6b, upper panel). NAC incubation 
significantly reduces average ROS increase in IcdP/HEV-
exposed cells from 9.1, 12.3 and 15.5% to 6.8, 8.4 and 
9.7%, when cells were treated with 150, 250 and 500 nM 
IcdP, respectively. However, NAC prevents the loss of 
ARPE19 cell viability only at the lowest tested IcdP 
concentration (Fig. 6b, lower panel). When cells were 
treated with 250 or 500 nM IcdP, we found no significant 
improvement of ARPE19 cell viability associated with 
NAC-induced decrease in ROS buildup in IcdP/HEV-
exposed cells. Taken together, our results suggest that 
specific prevention of IcdP/HEV-induced ROS accumula-
tion is associated with enhanced survival of ARPE19 cells 
exposed to both agents.

Discussion

The interactions between light and PAH has gained inter-
est in recent years, with regards to skin disorders (Botta 
et al. 2009; Burke and Wei 2009; Marrot 2017; Mauthe 
et al. 1995; Soeur et al. 2017). In the eye, while HEV light 
and PAH have been evaluated independently for toxicity in 
RPE cells in regard to AMD development, their combined 
action has not been addressed. We thus aim to determine 
whether possible toxic interactions between HEV light and 
tobacco smoke-derived PAH exposures could take place in 
RPE cells and be involved in AMD-related RPE defects.

We used confluent monolayers of ARPE19 cells as a 
model of RPE and exposed them to non-lethal nanomo-
lar concentrations of PAH to simulate a contamination of 
RPE by tobacco smoke-derived PAH. We focused on IcdP 
since it efficiently absorbs HEV wavelengths (Fig. 2). BaP, 
the most studied PAH, is often used as a surrogate for 
other PAH. It is considered as one of the most toxic PAH 
(Dabestani and Ivanov 1999). BaP does not significantly 
absorb HEV wavelengths (Fig. 2) and was then included in 
this study as a negative control of PAH/HEV interaction. 
In all experiments, ARPE19 cell monolayers were exposed 
to a visible light spectrum comparable to the one transmit-
ted to adult human eye fundus through the ocular media 
(Fig. 1). To exclude the possibility that unfiltered UVA 
light from our light source could account for the observed 
results, BaP (2.5–200 nM) and IcdP (15–1000 nM) treated 
ARPE19 cells were exposed to 5 J/cm2 UVA light along 
with 60 J/cm2 HEV light, and then tested for cell viability 
24 h later (supplementary methods). When UVA radiations 
are present, BaP is far more potent than IcdP in reduc-
ing ARPE19 cell viability (Fig. S2). Combined with UVA 
exposure, 50 nM BaP decreases cell activity to 36% of 
unirradiated cell activity (Fig. S2C), whereas in IcdP-
treated cells, such reduction is achieved with a concentra-
tion of 250 nM (Fig. S2D).

One important finding from this research is that a syn-
ergistic phototoxic effect is generated within RPE cells by 
the interaction between internalized IcdP and the HEV 
light radiations normally reaching the retina. We revealed 
that exposure to IcdP concentrations of 500 nM or less, 
significantly and dose-dependently lowers the threshold 
dose for HEV light cytotoxicity in RPE cells, even when 
no or very limited toxicity is produced by either factor 
alone. In fact, we found that an association of HEV light 
with concentrations of IcdP as low as 150 nM is enough 
to exert toxic and metabolic effects that compromise 
RPE cells survival (Fig. 3). However, no toxic effect is 
observed in RPE cells after treatments with pre-irradiated 
IcdP (Fig. S3-A) or after sequential exposure to HEV first 
then to IcdP (Fig.S3-B). Both HEV light and IcdP need 

Fig. 5  ROS accumulation rate following IcdP plus HEV light co-
exposure. ARPE19 cells treated with vehicle (DMSO), with 200 nM 
BaP or with increasing concentrations of IcdP (15–500  nM) were 
kept in the dark (orange bars) or exposed to 160  J/cm2 HEV light 
(blue bars). General ROS accumulation was assessed using the oxi-
dant-sensitive probe CM-H2DCFDA, 60  min after the end of expo-
sure. Error bars are sd from 4 independent experiments. **p < 0.01 
and ***p < 0.001 [two-tailed homoscedastic student’s t test]. (Color 
figure online)
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to be concomitant in the cell to exert synergetic toxicity. 
Our results are even more relevant to real-life exposure 
since IcdP amount actually reaching the cell in culture 
may be overestimated. Indeed, it was recently demon-
strated that the effective cell-loaded IcdP concentrations 
may represent only 15% of the initial extracellular concen-
tration (Soeur et al. 2017). In contrast to our study using 

nanomolar concentrations of PAH, toxicity of PAH alone 
in RPE cell cultures has been investigated after exposure 
of cells to extracellular concentrations of 10–100 µM BaP 
(Patton et al. 2002; Wang et al. 2009) or 200–1000 µM 
BeP (Sharma et  al. 2008). In this study, we observed 
that acute exposure to IcdP alone, in concentrations of 
50–1500 µM induce no loss of RPE cell viability (Fig. 

Fig. 6  Antioxidant supplementation effects on ROS accumula-
tion rate and cell viability after co-exposure to IcdP and HEV 
light. ARPE19 cells were treated with 10  µM α-tocopherol (a) or 
5  mM N-acetylcysteine (b) prior co-exposure to IcdP (0, 150, 250 
and 500  nM) and 160  J/cm2 HEV light. ROS accumulation rate 
in IcdP and/or HEV-exposed cells (with or without antioxidant) 
was monitored for 60  min after the end of co-exposure using the 
CM-H2DCFDA probe (upper panels) and cell viability was meas-

ured 24 h post-exposure using the MTS assay (lower panels). Error 
bars are sd from 4 independent experiments. (*) are for differences 
between HEV-exposed conditions versus unirradiated controls and 
(#) are for differences between HEV-exposed conditions versus 
HEV(+ antioxidant)-exposed conditions. *; #p < 0.05, **; ##p < 0.01 
and ***; ###p < 0.001 [one-way analysis of variance (ANOVA) with 
Tukey HSD procedure as post hoc test]. (Color figure online)
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S4). Although the range level of PAH accumulating in 
the RPE of smokers has never been investigated, it can be 
assumed from PAH levels in cigarette smoke (Hoffmann 
et al. 2001; Lodovici et al. 2004; Vu et al. 2015) and from 
PAH concentrations in circulating blood reported for vari-
ous populations (Pleil et al. 2010; Soeur et al. 2017), that 
high-molecular-weight PAH concentrations in RPE should 
not exceed the nanomolar range. Our experimental PAH 
exposure conditions are thus closer to what is expected in 
smokers’ RPE in vivo. On that basis, our results indicate 
that IcdP, upon interaction with HEV light, is a potent can-
didate initiating the biological mechanisms underlying the 
association between cigarette smoking and AMD-related 
RPE degeneration.

An early manifestation of the toxic and metabolic effects 
caused by IcdP and HEV light synergy is the irreversible 
collapse of mitochondrial network (Fig. 3). RPE functions 
require a high metabolic activity. As a result, they must rely 
on a dynamic and structured network of abundant mitochon-
dria. Feher et al. (2006) previously reported that accelerated 
age-related decrease of mitochondrial density and deterio-
ration of mitochondrial membranes cristae are observed in 
AMD-affected RPE (Feher et al. 2006). Since intact mito-
chondrial membranes are required for the dynamical lay-
out of their network, the extensive disorganization of RPE 
cells mitochondrial network induced by IcdP and HEV light 
co-exposure might reflect functional or structural defects 
of mitochondrial membranes. Along with mitochondrial 
network collapse, an important oxidative stress is induced 
in RPE cells by the toxic synergy between IcdP and HEV 
light (Fig. 5). RPE cells normally possess robust antioxi-
dant defenses (Handa 2012; Kaya et al. 2012). However, the 
amount of ROS induced as a result of IcdP and HEV out-
matches these defenses as shown by the drastic acceleration 
of ROS accumulation post-co-exposure.

Consistently with the hypothesis that IcdP and HEV 
light interaction could be involved in AMD-related RPE 
degeneration, we show that this interaction leads to RPE 
cell death by apoptosis (Fig. 4). Since antioxidant treatment 
helps in rescuing cells from death, our results also suggest 
a major involvement of the IcdP/HEV-induced oxidative 
stress in RPE cell death (Fig. 6). Nonetheless, compared 
to the efficient protection against IcdP/HEV-induced cell 
death observed when using α-tocopherol, the limited abil-
ity of NAC to restore RPE cell viability indicates that the 
origin and/or location of oxidation are important. NAC, a 
precursor of L-cysteine and reduced glutathione, is a water-
soluble scavenger of ROS (Zafarullah et al. 2003). It is thus 
expected to mainly associate with the aqueous compartments 
of the cell. In contrast, α-tocopherol is a lipophilic antioxi-
dant which concentrates into lipid storage organelles and 
cell membranes (Kontush et al. 1996; Urano et al. 1990). 
Lipophilic high-molecular-weight PAH, such as IcdP, were 

found to preferentially accumulate in the endoplasmic 
reticulum, in lysosomes, in cytoplasmic lipid droplets or in 
membranes including plasma, nuclear and mitochondrial 
membranes (Ali et al. 2015). Given that α-tocopherol pres-
ence in cell hydrophobic spaces seems to offset the conse-
quences of IcdP/HEV-induced oxidation and to prevent the 
events leading to RPE cells decreased survival (Fig. 6), these 
sites might be the primary sites of oxidation following a co-
exposure to IcdP and HEV light. Hence, as noted earlier for 
mitochondrial membranes, they may also be specific targets 
of IcdP and HEV synergy.

In conclusion, IcdP and HEV light synergy rapidly trans-
lates into disruption of mitochondrial network and ROS 
enhanced accumulation, followed by reduction in cell size, 
nuclear condensation and apoptosis. None of these key fea-
tures of AMD were observed after exposure to BaP, alone or 
in combination with HEV light, strengthening the hypothesis 
that HEV light absorption by IcdP is required for the adverse 
effects. The current state of understanding of AMD com-
plexity strongly suggests combinatorial mechanisms involv-
ing multiple risk factors leading to its onset and progression. 
In line with this, Fritsche et al. proposed a multi-hit thresh-
old model to explain the onset of AMD only in the late stage 
of life, even in individuals with inherent genetic susceptibil-
ity (Fritsche et al. 2014). They suggest that damage accu-
mulation rate is modified by a set of genetic, age-associated 
and environmental factors unique to each individual. From 
this perspective, combination of IcdP and HEV light could 
synergistically accelerate the acquisition of the threshold 
level among smokers.

Simultaneous exposure of RPE cells to PAH and HEV 
light seems inevitable among smokers and our findings high-
light the interplay between both environmental risk factors 
of AMD. We found no cytotoxicity for RPE cells associated 
with acute exposure to up to 1500 µM of IcdP alone (fig. 
S4). This strongly suggests that HEV light potentiate, by 
at least 3000 times, the toxicity of IcdP on RPE cells. In 
light of our results, investigating the biological processes 
activated by IcdP and HEV light synergy may provide guid-
ance to a fundamental understanding of AMD pathogenesis. 
Indeed, through the synergy between them, co-exposure to 
small amounts of IcdP and HEV light is expected to impair 
RPE function. Understanding at which level the synergistic 
mechanisms take place could help uncover critical pathways 
or apoptotic trigger involved in AMD onset or progression.
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